It is well known that Orthogonal Frequency Division Multiplexing (OFDM) systems are sensitive to carrier frequency offset (CFO), hence frequency offset estimation and compensation is critical in OFDM systems. The performance of general CFO estimation methods will degrade in the presence of hardware distortions, for example, I/Q mismatch. With higher carrier frequencies, both CFO and I/Q mismatch will increase and the performance of CFO estimation will degrade significantly. CFO estimation robust to I/Q mismatch becomes particularly important today because of the demand of broadband wireless communication at higher carrier frequencies. In this paper, we propose a low complexity CFO estimation algorithm which is robust to a large range of I/Q mismatch. The proposed estimator can achieve similar performance with the general CFO estimation method when smaller I/Q mismatch is present while improve the system performance significantly when a larger mismatch is present.
I INTRODUCTION
OFDM is an attractive solution for broadband wireless communications because of its anti-multipath capability and high spectral efficiency. However, an OFDM system is very sensitive to carrier frequency offset (CFO) [1] , the carrier frequency difference between transmitter and receiver. CFO causes intercarrier interference and could deteriorate the system performance. Without considering other hardware distortions, the estimation of CFO is generally not difficult. The estimation can be done in either time or frequency domain, in a blind or pilotassisted way [2] [3] [4] . However, when some distortions, such as I/Q mismatch, are large, the performance of CFO estimation will be degraded significantly [5] .
I/Q mismatch is caused by the imbalance of analog inphase and quadrature branches, and it is always present in practical systems with analog I/Q separation. The estimation of CFO in the presence of I/Q mismatch is not trivial because CFO and I/Q mismatch entangle together and interact. Generally, I/Q mismatch cannot be estimated and compensated without knowing CFO, and I/Q mismatch contributes as interference in general CFO estimation. Ignoring the effect of I/Q mismatch could cause large system performance degradation [5] .
CFO estimation in the presence of I/Q mismatch has been studied in the literature [6] [7] [8] [9] [10] . However, an efficient method applicable to practical systems without knowing the mismatch information seems not yet available. In [6] , I/Q mismatch and CFO are essentially estimated in the interference from each other, although an iterative approach is proposed to refine the estimates. In [7] , iterative joint estimation of CFO and I/Q mismatch is developed based on special training symbols. In [8] , the estimation of frequency offset is search based and not suitable for practical implementations due to the high computational complexity. In [9] , the frequency offset is estimated on a I/Q mismatch compensated signal. But the estimation of I/Q mismatch is iteration base and takes a long time to converge, which is not suitable for packet base data transmission. In [10] , the proposed frequency offset estimator only works for larger frequency offset in the presence of severe mismatch, and the solution for negative frequency offset is not explicitly mentioned.
In this paper, we take a close look at the effect of I/Q mismatch on frequency offset estimation and propose a CFO estimator robust to I/Q mismatch. Section II highlights the problem of I/Q mismatch and frequency offset in OFDM systems. In section III, first a CFO estimator robust to I/Q mismatch but sensitive to small frequency offset is proposed. Then a complementary estimator robust to small frequency offset and a combined robust estimator are further proposed to solve the problem. A threshold for the combined estimator and a complexity analysis are also included in section III. Simulation results could be found in section IV. Conclusions and future topics are in section V.
II I/Q MISMATCH AND FREQUENCY OFFSET ESTIMATION IN OFDM SYSTEM
A RF mismatch in OFDM system As described previously, RF mismatch caused by the nonideal RF components exists in practical wireless communication systems. Let transmitter amplitude mismatch be α and phase mismatch be θ. Denoting the baseband signal as x(t) = x i (t) + jx q (t), the signal radiated from the transmitter antenna (denoted as RF signal hereafter) can be represented as
wherex represents the continuous signal and ω c represents the carrier frequency. The received RF signalȓ(t) becomes
where h(t) is the channel impulse response, n(t) is additive white Gaussian Noise (AWGN), and ⊗ denotes the linear convolution. The signal is down-converted by an oscillator with 
where
where r i [n] and r q [n] are the sampled real and imaginary outputs of the convolution between x(t) and the baseband channel impulse response, respectively, and n i [n] and n q [n] are the noise in I and Q branches, respectively. Define
According to (5), the transmitter side mismatch is contained in I[n] and Q [n] . If the channel is static during CFO estimation, identical training symbols in the transmitter will lead to identical I[n] and Q[n] outputs in the receiver, respectively. In other words, we can ignore the detailed information of transmitter mismatch when we proceed with CFO estimation based on discrete baseband samples. The transmitter mismatch may change the effective signal energy in the CFO estimation, however, it will not contribute as noise for the estimation.
B Frequency offset estimator for OFDM System
A general time domain estimator using periodical preambles is given in [4] . Apart from a phase difference caused by the frequency offset, periodical preambles will cause identical received signals in a static noise free channel. Thus the frequency offset estimation is given by,
where L p is the length of each periodical preambles, and * denotes complex conjugate. The performance of this estimator degrades notably when large mismatch is present [5] .
III FREQUENCY OFFSET ESTIMATOR ROBUST TO I/Q MISMATCH
In this section, we introduce a low complexity frequency offset estimator which is robust to I/Q mismatch. First, we assume that some identical training symbols are transmitted, which is a very general assumption and is true in most current standards. Different to general CFO estimation algorithms, which use two consecutive symbols as one unit, our schemes use three consecutively received symbols as one unit.
A Estimator robust to IQ mismatch based on cosφ
Assuming the length of the training symbol to be L p , then from (5), in I branch, we get
where n i is Gaussian Noise, and φ = ω d L p . The cos φ could be directly calculated from (7). However, the estimation only based on one group of samples will degrade in the presence of noise. Since n i is Gaussian noise, a better estimation can be achieved by summation and averaging. Since time domain training symbols in OFDM systems sometimes have zero means, a direct summation gives y i [n + L p ] close to 0 and lead to large estimation errors. We separate the index n to two sets,
where N i is a superposition of AWGN noise.
Similar result could be gained from Q branch, given by
= 2 cos(φ)(
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, and N q is a superposition of AWGN noise. The estimator is then given by (10) on the top of this page. The capital N in (10) is AWGN Noise.
B Complementary estimator based on sinφ
The performance of estimator following equation (10) will degrade in small CFO estimation, as for small φ, small perturbation in cosφ leads to large errors inφ. Besides, there is phase ambiguity for a phase estimator based solely on cosine. Similar to subsection A, the difference between y i [n + 2L p ] and y i [n] can be computed as
From (5), we know y q [n] =
1−β 2 (− sin(ω d n − γ)I[n] + cos(ω d n−γ)Q[n]).
Comparing it to (11), we can see that when mismatch and/or CFO is small, (11) can be well approximated as
Similarly using time index n belonging to A 1 A 2 A 3 A 4 as defined in Section A, the complementary estimator is given by (13) on the top of next page. It should be noted that since the mismatch is ignored in sinφ, the condition for the approximation needs to be considered in the implementation. Generally speaking, sinφ approximates well when CFO is small as larger perturbation in sinφ only causes small change in the CFO estimates in this case. Thus the performance in small frequency offset estimation will be improved. By incorporating sinφ, the estimation range of φ can also be extended to [−π, π].
C The proposed estimator and threshold design
As previously mentioned, the estimator based on cosφ is robust to the I/Q mismatch but sensitive to noise especially in the small CFO case. However, although the complementary estimator based on sinφ, achieves better performance in small CFO scenarios, it will introduce I/Q mismatch interference. There are various ways of combining cosφ and sinφ to design a better CFO estimator. The most direct and simple one is given bŷ
where sign(x) = x/|x| takes the sign of a real number x and where the λ is predefined hard threshold. However, the estimatorφ = cos(φ) + j sin(φ) can achieve better performance in low SNR case, where I/Q mismatch is not the largest barrier for an accurate estimation. So one weak point of the hard threshold is it not adaptive to SNR. Ideally, k = cos 2 (φ)+sin 2 (φ) = 1, without noise or I/Q mismatch. So |k − 1| can be viewed as noise and interference power. If there is small interference caused by I/Q mismatch in the estimation, |k−1| will possibly very close to zero, which is the noise effect. However, a large mismatch will introduce an extra interference beside noise power. So |k − 1| will deviate from 0 greatly with high possibility. Thus a threshold adaptive to SNR can be represented aŝ
where sigma 2 n is noise power, sigma 2 x is signal power, and µ is a coefficient. The Mean Square Errors(MSE) ofφ versus different frequency offset and SNR are shown with µ = 1, 4 and 9 in Fig.1 . The mismatch parameters are β = 1dB, and γ = 2.5
• . By comparing the MSE with different µ in the whole SNR and frequency offset range, we choose µ = 4 as our threshold in the following simulations. Then the estimation of frequency offset is given by,ω
The final estimator is controlled based on both (14) and (15) as shown in Fig.2 .
D Complexity issue
In addition to performance improvement in the presence of I/Q mismatch, the proposed method has lower complexity than the methods in [10] and [4] . Assume that M samples are used for CFO estimation, and the signal bit width is B, the computational complexity is shown in Table I . From Table 1 , we can see that in the proposed method, many multiplications are saved, and the bit width of the divider is almost reduced to half. Even though the proposed method requires two divisions, because of the reduction of the divider bit width, the complexity increment in our method is small compared to conventional method, which uses large number of multiplications. The proposed method can be used in any OFDM systems with periodical training symbols for CFO estimation. In our simulation WLAN short training sequences are used for estimation. The performance is measured by BER of coded OFDM system following IEEE802.11a standard. The mean square errors (MSE) are obtained by averaging over 1000 packets. ETSI Multipath A [11] , an indoor channel model, is adopted. For comparison, Li's estimator proposed in [4] are simulated. The estimation obtained by Li's method in a mismatch free system [4] methods in [10] proposed method Figure 3 shows the Mean Square Error of the CFO estimates versus the normalized frequency offset in the presence of amplitude mismatch β = 1dB and phase mismatch θ = 2.5
• . The SNR is 22dB. The proposed estimator achieves similar performance to Li's method for small normalized frequency offset , and better performance than Li's method for large . The crossing point of the proposed method and Li's method is at around = 0.3 corresponding to cosφ = λ = 0.88. For small , the (cosφ+j sinφ) dominates. However, for > 0.4, the arccos estimator is the main one. Since arccos estimator is robust to I/Q mismatch, the proposed method yields a better estimation than Li's. This figure also shows that, an estimator with only µ or λ as threshold will experience a degradation in MSE on either large or small . Figure 4 shows the BER performance in the presence of amplitude mismatch β = 0.5dB and phase mismatch θ = 1
• , and β = 1dB and θ = 2.5
• . In the simulation, CFO is fixed to be 0.95, and data rate is set to be 54Mbps. Residual CFO tracking and compensation is implemented, and I/Q mismatch is compensated perfectly after CFO estimation. From the figure, we can see that, when θ = 1
• , the proposed estimator achieves • SNR = 22dB 0.5dB gain at BER of 10 −4 , compared to Li's estimator. With θ increasing to 2.5
• , the proposed estimator is very stable and achieves than 3dB gain high SNR range to Li's method. It can be concluded that the proposed method is very robust to I/Q mismatch and CFO.
V CONCLUSION
In this paper, we proposed a novel combined frequency offset estimator, which is robust to the I/Q mismatch. The simulation results show that, in most cases, the proposed estimator can achieve better performance without the noise floor caused by mismatch. One interesting result is the improved performance in large frequency offset case, which makes it a possible solution for high carrier frequency system, where similar oscillator accuracy at high carrier frequency causes high frequency offset. Another attractive feature of this estimator is the low complexity, as it requires no complex multiplication. The performance can be further improved by using an optimal threshold rather than the experimental one used in the simulation.
